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The LHC Era
• Finally have access to TeV-

scale physics

• Solution to the Hierarchy 
Problem?

• Dark Matter?

• SUSY, Extra-Dimensions, 
Little Higgs? Something 
totally different?
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⇒ New Particles



SUSY vs. UED

• Very similar experimental signatures

• ‘Copies’ of the Standard Model

• Dark Matter candidate    large

• Spin measurements may be the defining 
experimental test.
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Spin Measurements

• Most techniques for next-generation colliders 
concentrate on distinguishing models:

• Comparison of total cross section

• Look for higher KK modes in UED

• At a linear collider can use threshold scans:

• Scalar            , spinor/vector

• Cannot distinguish higher spin modes
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σSUSY < σUED

σ ∝ βσ ∝ β3



• At ILC: reconstruct production angle

• t-channel introduces model dependence: 
forward peak
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Spin Measurements

Figure 9: The same as Fig. 3 (left panel), but for KK electron production e+e− → e+
1 e−1 , with θe

being the electron scattering angle.

choose a supersymmetric spectrum with selectron mass parameters as in Table 2. This

guarantees matching mass spectra in the two cases (UED and supersymmetry) so that any

differences in the angular distributions should be attributed to the different spins.

Unlike Fig. 3, where the underlying shapes of the angular distributions were very

distinctive (see eqs. (4.2) and (4.3)), the main effect in Fig. 9 is the uniform enhancement of

the forward scattering cross-section, which tends to wash out the spin correlations exhibited

in Fig. 3.

5.2 Kaluza-Klein quarks

Level 1 KK quarks will be produced in s-channel via diagrams similar to those exhibited in

Fig. 1. The corresponding production cross-sections are shown in Fig. 10, as a function of

R−1. We show separately the cases of the SU(2)W doublets uD
1 and dD

1 and the SU(2)W
singlets uS

1 and dS
1 . In the minimal UED model, the KK fermion doublets are somewhat

heavier than the KK fermion singlets [12], so naturally, the production cross-sections for

uD
1 and dD

1 cut off at a smaller value of R−1. Since singlet production is only mediated

by U(1) hypercharge interactions, the singlet production cross-sections tend to be smaller.

We notice that uS
1 ūS

1 is larger by a factor of 22 compared to dS
1 d̄S

1 , in accordance with the

usual quark hypercharge assignments.

The observable signals will be different in the case of SU(2)W doublets and SU(2)W
singlets. The singlets, uS

1 and dS
1 , decay directly to the LKP γ1, and the corresponding

signature will be 2 jets and missing energy. The jet angular distribution will again be

indicative of the KK quark spin, and can be used to discriminate against (right-handed)

squark production in supersymmetry, following the procedure outlined in section 4.1. The

jet energy distribution will again exhibit endpoints, which will in principle allow for the

mass measurements discussed in section 4.4. A threshold scan of the cross-section will pro-
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Figure 3: Differential cross-section dσ/d cos θµ for UED (blue, top) and supersymmetry (red,
bottom) as a function of the muon scattering angle θµ. The figure on the left shows the ISR-
corrected theoretical prediction. The two figures on the right in addition include the effects of event
selection, beamstrahlung and detector resolution and acceptance. The left (right) panel is for the
case of UED (supersymmetry). The data points are the combined signal and background events,
while the yellow-shaded histogram is the signal only.

Distributions (4.2) and (4.3) are sufficiently distinct to discriminate the two cases.

However, the polar angles θ of the original KK-muons and smuons are not directly observ-

able and the production polar angles θµ of the final state muons are measured instead. But

as long as the mass differences Mµ1 − Mγ1 and Mµ̃ − Mχ̃0
1

respectively remain small, the

muon directions are well correlated with those of their parents (see Figure 3a). In Fig. 3b

we show the same comparison after detector simulation and including the SM background.

The angular distributions are well distinguishable also when accounting for these effects.

By performing a χ2 fit to the normalised polar angle distribution, the UED scenario con-

sidered here could be distinguished from the MSSM, on the sole basis of the distribution

shape, with 350 fb−1 of data at
√

s = 3 TeV.

4.2 Threshold scans

At the e+e− linear collider, the muon excitation masses can be accurately determined

through an energy scan of the onset of the pair production threshold. This study not only

determines the masses, but also confirms the particle nature. In fact the cross sections for

the UED processes rise at threshold ∝ β while in supersymmetry their threshold onset is

∝ β3, where β is the particle velocity.

Since the collision energy can be tuned at properly chosen values, the power rise of the

cross section can be tested and the masses of the particles involved measured. We have

studied such threshold scan for the e+e− → µ+
1 µ−

1 → µ+µ−γ1γ1 process at
√

s = 1 TeV,

for the same parameters as in Table 1. We account for the anticipated CLIC centre-of-mass

energy spread induced both by the energy spread in the CLIC linac and by beam-beam

effects during collisions. This been obtained from the detailed GuineaPig beam simulation
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• Spin dependence of decay angles:

• Using long decay chain at LHC can distinguish 
spinors from phase space:

• Polluted with near/far ambiguity, anti-squark 
production, and assumes chiral coupling
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Spin Measurements
However, if ψ1 came from the decay of another particle and that vertex was chiral then

the situation is different. In that case ψ1 is polarized and its subsequent decay is governed by

a non-trivial angular distribution as shown in Fig. (1). Whether the decay involves a helicity

flip or not determines the sign of the slope.
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Figure 1: The decay probability for a fermion into a scalar and another fermion of the same helicity
(solid-black) or opposite helicity (dashed-red) as a function of cos θ. θ is defined with respect to the
axis of polarization of the decaying fermion.

Next, we consider the decay of a fermion into another fermion and a gauge-boson via an

interaction of the form

gLψ̄2γ
µPLψ1Aµ + gRψ̄2γ

µPRψ1Aµ (2.2)

As before, we consider the case where ψ2 is boosted. If the interaction is chiral ψ2 is in a

definite helicity state. The fermionic current that couples to Aµ is of the form ψ̄α̇σα̇β
µ ψβ .

If the emitted gauge-boson is longitudinally polarized the distributions are the same as the

decay into a fermion and a scalar. If it transversely polarized it is precisely opposite (i.e.

same helicity corresponds to sin2 θ/2 and opposite helicity to cos2 θ/2).

The most important feature of the fermion’s decay is the linear dependence of the decay

probability on cos θ. It is also clear that chiral vertices must be involved in order to observe

spin correlations (unless the fermion is a Majorana particle, a possibility we discuss below).

2.3 Gauge-boson decay

When a gauge-boson decay (2-body), relativity forces the products to be two bosons or two

fermions. As is well known, when the products are two fermions the angular distribution is

given by,

Ptrans(cos θ) =
1

4

(

1 + cos2 θ
)

Plong(cos θ) =
1

2

(

1 − cos2 θ
)

(2.3)

If a gauge boson decays into two scalars via the interaction

gφ∗
2

↔

∂ µ φ1A
µ, (2.4)

the angular distribution has the opposite structure,

Ptrans(cos θ) =
1

2
(1 − cos2 θ) Plong(cos θ) = cos2 θ (2.5)
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Opposite
Helicity

Same
Helicity

Decay of polarized spinor 
to spinor/scalar

Assumes chiral couplings

q̃L → χ̃0
2qL → "̃±R"∓qL → "±"∓qLχ̃0

1

→

Near Far



Spin and Quantum Interference

• Want a spin measurement with as few 
assumptions as possible.

• Back to Quantum Mechanics!
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hh

φ

• Decay of particle with 
helicity

• Rotations about the  z-
axis (particle momentum) 
implies that

h

Mdecay ∝ eiJzφ = eihφ



• If particle is produced in multiple helicity states 
and then decays, then decay amplitudes interfere 
coherently:

• Sum runs over all helicities produced, generically 
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Spin and Quantum Interference

σ ∝
∣∣∣
∑
Mprod.Mdecay

∣∣∣
2

h = −s, · · · , s in which case

σ = A0 + A1 cosφ + · · · + An cosnφ, n = 2s

Mdecay(h, φ) = eihφMdecay(h, φ = 0)



Proof of Concept
• Demonstration of technique using data already 

on tape, from Tevatron
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•   

•               with                       
                           
and cuts on lepton 

•                   total luminosity

pp̄→ Z + jet, Z → e−e+

σ = 7 pb
pT jet > 30 GeV, |ηjet| < 2.1

pT , η

1.7(8.0) fb−1

Expect non-zero
A0, A1, A2

(with H.Murayama, W. Klemm, and B.Heinemann 0804.0476)



Kinematics
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Define positive     to be in the direction of φ

ẑ

Production Plane

Decay Plane of Leptons

Beam Axis

Vector Boson 

Production Axis

p
p

Z 
0

jet

ẑ × !pZ0

cosφ =
ẑ × "pZ0

|ẑ × "pZ0 | ×
"pZ0 × "pe−

|"pZ0 × "pe− |

ẑ × !pZ0



Results
• Calculated cross sections using HELAS and the 

adaptive Monte-Carlo program BASES. 

• With only cuts on jet             for Tevatron data:
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Effects of Cuts
• However, detectors cannot see forward regions, 

and need isolation cuts on jets/leptons.
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Jet transverse momentum pT,j > 30 GeV
Jet η |η| < 2.1

Invariant mass of lepton pair 66 < m!! < 116
Central electron η |η| < 1
Second electron η |η| < 1 or 1.2 < |η| < 2.8

Electron ET ET > 25 GeV
Electron isolation cuts ∆Re−j > 0.7

CDF cuts:
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Azimuthal Angle 

d
/d

x
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Rotational Invariance

• Cuts introduce new directional dependences.

• Remove them by requiring events to pass cuts 
after rotation about boson axis

14

W

W

leptons

+

-Z

jet
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Rotationally Invariant Cuts
• Applying these rotationally invariant cuts
• (And with looser acceptances on            )
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Application to the LHC

• Identical beams means sign ambiguities

•                under this redefinition, so cannot 
measure odd modes from     distribution
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Identical Beams
• Consider              at LHC.  At LO, these events come 

from                 

• If we knew which parton went with which proton, 
beams would no longer be identical

• Look for situations where      direction correlates 
with one of the partons. Then can pick beam closest 
to     as the positive    direction

• However, this correlation tends to be small

• For particular case of             ,      has larger 
contribution to             than     , so even with 100% 
directional ID,                        at LHC
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Z + jet
qq̄, qg, q̄g

Z

Z ẑ

Z + jet qq̄
A1/A0 qg

A1/A0 < 1%



New Physics and       
• ‘WIMP miracle’ suggests new stable particles with SU(2) 

quantum numbers and

• Stability usually enforced through some new symmetry, 
so expect two pair-created WIMPs per event at colliders

• Pair creation/decay of particles with known mass 
insufficient to fully reconstruct      distribution 
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/p

m ∼ 100− 1000 GeV

χ̃0
1

χ̃0
1g̃

g̃

q̃

q
q

q

q

q̃

φ

4+4 unknown momenta
-2 measured
-6 mass relations

/pT

4-fold ambiguity



New Physics and       
• Can look at even longer decay 

chains

• Starts to lose model 
independence

• Problems with reconstruction, 
near/far ambiguities, need 
accurate mass measurements...
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/p

q̃

¯̃q

χ̃0
2

χ̃0
2

q

!±

!′±

!̃′
∓

!̃∓
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!′∓

χ̃0
1

χ̃0
1

More work needed



Summing up

• Interference of helicity states provides a 
model-independent method of spin 
measurements.

• Method can be tested with current data on 
vector bosons at Tevatron

• Data analysis currently being performed

• Tevatron presents certain advantages over 
LHC in searching for odd modes

• Differences in       p.d.f.s can give drastically 
different signals at Tevatron vs. LHC
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p/p̄


